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Activity Regulates the Synaptic Localization
of the NMDA Receptor in Hippocampal Neurons
Anuradha Rao and Ann Marie Craig* Vicini, 1992). Activity blockade prevents the decrease
in NMDA responsiveness and extends the critical periodDepartment of Cell and Structural Biology
for synaptic reorganization. Conversely, frog tecta chron-University of Illinois
ically treated with NMDA show a decreased NMDA re-Urbana, Illinois 61801
sponsiveness coupled to refinement of topographic
map formation (Debski et al., 1991).
Changes in NMDA responsiveness in cultured neu-Summary
rons have been linked to changes in levels of different
subunits of the receptor. In cultured cerebellar granuleWe describe here a novel effect of activity on the sub-
cells, calcium influx via potassium or NMDA-inducedcellular distribution of NMDA receptors in hippocam-
depolarization is necessary for cell survival early in de-pal neurons in culture. In spontaneously active neurons,
velopment and elicits an increase in NMDA respon-NMDA receptors were clustered at a few synaptic and
siveness. This is associated with a change in subunitnonsynaptic sites. Chronic blockade of NMDA recep-
composition of the NMDA receptor, particularly an in-tor activity induced a 380% increase in the number of
crease in NR2A and a decrease in NR2B subunits (Bes-NMDA receptor clusters and a shift to a more synaptic
sho et al., 1994; Vallano et al., 1996). Later in develop-distribution. This effect was reversible. The distribu-
ment, NMDA responsiveness and NMDA receptor densitytions of the presynaptic marker synaptophysin, the
can be down-regulatedby NMDA treatment (Didieret al.,AMPA-type glutamate receptor subunit GluR1, and the
1994; Resink et al., 1995). In cultured cortical neurons,putative NMDA receptor clustering protein PSD-95
NMDA receptor density and specifically NR2B mRNAwere not affected by blockade. Regulation of the syn-
and protein levels can be up-regulated by treatmentaptic localization of NMDA receptors by activity may
with NMDA receptor antagonists (Williams et al., 1992;define a novel mechanism by which input controls a
Follesa and Ticku, 1996).neuron's ability to modify its synapses.
Electrophysiological studies of neurons in culturesug-
gest that the NMDA receptor is present in synaptic ªhotIntroduction
spotsº on dendrites and that NMDA receptors and non-
NMDA receptors are frequently but not always colocal-The N-methyl-D-aspartate (NMDA)-type glutamate re-
ized at such synaptic sites (Bekkers and Stevens, 1989;ceptors comprise a class of ionotropic glutamate recep-
Jones and Baughman, 1991). Immunocytochemical stud-tors that play a central role in synaptic plasticity, circuit
ies at both light and electron microscopic levels havedevelopment, memory formation, and excitotoxicity (Bliss
demonstrated NMDA receptor immunoreactivity at theand Collingridge, 1993; Choi, 1994; Scheetz and Con-
postsynaptic membrane of spiny excitatory sites in adultstantine-Paton, 1994; Tsien et al., 1996). Molecular clon-
brain (Petralia et al., 1994a, 1994b; Siegel et al., 1994;ing has revealed that NMDA receptors are heteromeric
Johnson et al., 1996) as well as at extrasynaptic plasma
ion channels composed of the essential NR1 subunit
membrane in neonatal cortex (Aoki et al., 1994). Double-
(Moriyoshi et al., 1991; Forrest et al., 1994; Li et al.,
label immunolocalizationwith antibodies against NR1 and
1994), which exists in several alternatively spliced forms
AMPA-type glutamate receptors indicate that the two re-
(Durand et al., 1993; Laurie and Seeburg, 1994), and
ceptors are colocalized at the postsynaptic membrane of
one or more of the modulatory NR2 subunits, NR2A±D
some synapses (Siegel et al., 1995; Kharazia et al., 1996).
(Kutsuwada et al., 1992; Monyer et al., 1992, 1994; Ishii
We set out to determine whether the subcellular distri-
et al., 1993). Regional and developmental differences in bution of NMDA receptors can be modulated by activity.
heteromeric composition are believed to change func-
In cultured hippocampal neurons, we found that chronic
tional properties of the receptor, such as agonist affinities,
activity blockade changes the subcellular distribution
Mg21 sensitivity, Ca21 permeability, channel conductance,
of the NMDA receptor with no effect on the AMPA-type
deactivation kinetics, and response to modulatory agents glutamate receptor. Activity blockade induced an in-
(reviewed by McBain and Mayer, 1994; Feldmeyer and crease both in the total number of NMDA receptor clus-
Cull-Candy, 1996). ters (hot spots) and in their targeting to synaptic sites.
The properties of the NMDA receptor channel can be
rapidly regulated by activity during synaptic transmis- Results
sion. The NMDA responsiveness and NMDA receptor
density of neurons can also be modulated over a time NMDA Receptors Exhibit Different Patterns
course of days to weeks by activity, both in vivo and in of Localization in Hippocampal
primary neuron cultures. These slow changes in NMDA Pyramidal Neurons
responsiveness may be developmentally restricted. In Embryonic rat hippocampal pyramidal cellsgrown in low
the visual cortex, the NMDA responsiveness of neurons density cultures were used to examine NMDA receptor
is high during the critical period for ocular dominance distribution. At 3 weeks in culture, over 90% of the neu-
column formation and decreases greatly at the end of rons showed nonuniform immunoreactivity for the NR1
the critical period (Fox et al., 1991; Carmignato and subunit. Bright clusters of NR1 staining were present,
typically on dendritic shafts of fine branches at the pe-
riphery of the dendritic tree (Figure 1A). Comparison*To whom correspondence should be addressed.
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Figure 1. Treatment of Hippocampal Neurons with the NMDA Receptor Antagonist APV Changes the Distribution of NMDAR1
(A and B) Control cells; (C and D) APV-treated cells; (E and F) reversal. Neurons were treated with control media (A and B) or APV (C±F) during
weeks 2±3 in culture and then fixed at the end of week 3 (A±D) or placed back in control media for a fourth week (E and F) and then
immunolabeled for NR1. The control cells in (A) and (B) show the distal and the proximal dendritic shaft NR1 clustering patterns, respectively.
The APV-treated cells in (C) and (D) display the ubiquitous spiny clusters seen in most cells after APV treatment and very seldom without it.
After a fourth week allowing spontaneous activity to resume, the neurons again mostly displayed the distal dendrite shaft NR1 clustering
pattern (E and F). Scale bar, 10 mm.
of NR1 immunoreactivity to the distribution of synaptic immunoreactivity such that most cells now had numer-
ous synaptic and often spiny clusters of NR1, even atvesicle clusters, revealed by immunostaining for synap-
tophysin (Fletcher et al., 1991), indicated that these dis- 3 weeks in culture (Figures 1C, 1D, 2E±2H). This effect
was specific to pyramidal neurons and not GABAergictal dendritic clusters were usually synaptic. Two other
patterns of NR1 immunoreactivity were observed less neurons. We compared the number and location of NR1
clusters in sets of randomly selected control and APV-frequently. On some cells, bright clusters of NR1 were
arrayed in the cell body and proximal dendrite shafts treated pyramidal neurons (Figure 3). There was a 380%
increase in the number of NMDA receptor clusters from(Figure 1B). These clusters were generally nonsynaptic
(Figures 2A±2D) and were more prominent in immature 9.8 6 1.3 clusters/100 mm dendrite length in control
cells to 37.5 6 2.6 clusters/100 mm in APV-treated cellsneurons. Similar patches of NR1 immunoreactivity have
been observed in vivo in the core of apical dendrites (mean 6 SEM, n 5 39, significant at p , 0.001). This
effect of APV was due solely toan increase in the number(Johnson et al., 1996) and at the plasma membrane of
soma and dendrites of developing neurons (Aoki et al., of NR1 clusters at synaptic sites and was accompanied
by a slight decrease in the number of NR1 clusters at1994). The third pattern, seen rarely at 3 weeks but more
frequently at 5±6 weeks, was of numerous synaptic and nonsynaptic sites. We saw no increase in the intensity
often spiny clusters along the length of dendrites. From of NR1 staining at terminal shaft clusters in the APV-
analyses of these cultures at different ages (A. R. and treated cells, and bright nonsynaptic arrays of clusters
A. M. C., unpublished data), we found a developmental in the cell body and proximal dendrites were no longer
progression in the distribution of NR1 from cell body evident, implying that there is not a generalized increase
and proximal dendrite nonsynaptic clusters to synaptic in the amount of NR1 at all sites but indeed a shift in
clusters on distal dendrite shafts to spiny synaptic clus- the distribution. There was no change in the pattern
ters throughout the dendritic length. of synaptophysin immunoreactivity or in the number of
synaptophysin-labeled presynaptic terminals after APV
treatment (Figures 2, 5, and 6). The conclusion fromNMDA Receptor Blockade Increases NMDA
these results is that APV induces an increase in NR1 atReceptor Cluster Number and
previously existing synaptic sites. The observed changeSynaptic Localization
in NR1 localization could involve relocation of previouslyChronic treatment of hippocampal cultures with the
existing receptor molecules from nonsynaptic to synapticNMDA receptor antagonist 2-amino-5-phosphonovaler-
ate (APV) caused a dramatic shift in the pattern of NR1 sites, or a shift in targeting of newly synthesized receptor.
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Figure 2. APV Treatment Increases NMDA
Receptor Clustering at Synaptic Sites
Double-label immunocytochemistry for NR1
(green) and synaptophysin (red); yellow in the
superimposed images (A, D, E, and H) indi-
cates colocalization. In the control cells, the
proximal dendrite NR1 clusters do not colo-
calize with synaptophysin clusters (A±D). In
the APV-treated cells, the ubiquitous spiny
NR1 clusters are mostly at synaptophysin-
labeled synapses (E±H). Scale bar, 10 mm (A
and E); (B)±(D) and (F)±(H) show enlarged
views of single dendrites from (A) and (E),
respectively.
Surprisingly, Western blot analysis (Figure 7) showed (1997) showed that whereas all of the NR2B is at the
cell surface, only 50% of NR1 is exposed to the cellno change in the amount of NR1 in the APV-treated
compared to control cultures. Comparing the total inten- surface in cultured hippocampal neurons. It is possible
that some of the NR1 in our control neurons is in asity/cluster in control proximal or distal dendrite shaft
clusters versus APV-treated spiny clusters, we found diffuse intracellular pool, which in APV-treated cells be-
comes part of the synaptic pool. Levels of diffuse stain-that control dendrite shaft clusters (n 5 968) had on
average 254% greater total intensity than did APV spiny ing for NR1 were low and could not be reliably measured
for differences between conditions.clusters (n 5 2214). However, summing the total fluores-
cent intensity in all clusters in the two conditions (both The induction of synaptic NR1 clusters by NMDA re-
ceptor blockade implies that spontaneous activity in theshaft and spine clusters corresponding to data shown
in Figure 3), we observed that total NR1 intensity in cultures normally drives the NMDA receptors away from
synapses. To test this directly, we incubated 3 weekcontrol cells was still only 44% of that in APV-treated
cells. Where is the other 56% of the NR1 protein in the APV-treated neurons (with synaptic NMDA receptor
clusters) for a fourth week in the absence of APV, thuscontrol cells if it is not at clusters? Hall and Soderling
Figure 3. NMDA Receptor Blockade In-
creases NMDA Receptor Cluster Number and
Synaptic Localization
NR1 clusters were counted in matched con-
trols and neurons treated with APV, CNQX,
nifedipine, TTX, and TTX plus NMDA. Each
NR1 cluster was classified as synaptic ornon-
synaptic based on the presence or absence
of synaptophysin immunoreactivity. Two den-
drites in each of ten randomly selected cells
were evaluated in each of three separate ex-
periments per treatment. The asterisks indi-
cate treatments that resulted in significant
differences in cluster number when com-
pared to the matched control (t test, p , 0.01,
except nifedipine, where p 5 0.034). The ef-
fect of TTX plus NMDA treatment was also




Figure 4. NMDA Receptor Blockade Has No Effect on the Distribu-
tion of the AMPA-Type Glutamate Receptor Subunit GluR1
In cells fixed in paraformaldehyde, GluR1 clusters were well-pre-
served and showed a similar pattern of immunoreactivity in control
cells (A) versus APV-treated cells (B). (C) GluR1 clusters were
counted in matched controls and neurons treated with APV or TTX.
Two dendrites in each of ten randomly selected cells were evaluated
in each of two separate experiments per treatment. There was no
significant difference in the number of GluR1 clusters. Scale bar,
10 mm.
allowing the cells to return to their normal levels of spon- Figure 5. NMDA Receptor Blockade Results in an Increase in the
taneous activity. The resumption of spontaneous activity Number of Synapses with Clustered NR1 and GluR1 as Well as in
resulted in a large decrease in synaptic NR1 clusters Synapses Containing NR1 Alone (Potential Silent Synapses)
compared to the 3- or 4 week APV-treated neurons (Fig- Neurons were fixed in methanol and triple-stained with antibodies
to synaptophysin (blue), NR1 (red), and GluR1 (green). In controlures 1E and 1F). In fact, the number of NR1 clusters now
cells (A±D), NR1 (A) and GluR1 (B) clustered at distinct synapses,appeared to be lower than in a 4 week untreated culture,
NR1 on distal dendritic shafts, and GluR1 on spines (see superim-presumably due to the enhanced activity through the
posed image in [C]). In APV-treated cells (E±H), NR1 clustered at
increased number of synaptic NMDA receptor clusters GluR1-containing spines (yellow in superimposed image in [G]) as
resulting from the initial APV treatment. These results well as at additional spine synapses (red in [G]). Scale bar, 10 mm.
indicate that stimulation can also induce a redistribution
of NMDA receptors away from existing synaptic sites.
Activity of the NMDA receptor could mediate the re-
neurons can be greatly reduced by nifedipine, an L-type
distribution of NMDAR1 through an effect on postsynap-
voltage-dependent calcium channel antagonist (Basar-
tic depolarization, intracellular calcium levels, localized
sky et al., 1994; Segal, 1995). We found that chronic
calcium entry, or NMDA receptor conformation. We re-
treatment with nifedipine did not significantly affect the
duced postsynaptic depolarization by treating cultures
number of synaptic NR1 clusters (Figure 3). Taken to-
with the voltage-dependent sodium channel blocker te-
gether, these results suggest that it is specifically the
trodotoxin (TTX) or the AMPA-type glutamate receptor
level of activity of the NMDA receptor that regulates
antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)
the subcellular distribution of NR1. This effect may be
and assessed the patterns of NR1 and synaptophysin
mediated by localized calcium entry through the NMDA
immunostaining (Figure 3). Chronic treatment with TTX
receptor channel or by a direct effect on NMDA receptor
had a similar effect to that of APV, causing a 320%
conformation and thus its interaction with other proteins.
increase in NR1 cluster number and a shift toward more
synaptic clusters. CNQX caused a smaller increase in
NR1 cluster number and shift to synaptic sites. While Activity Blockade Has No Effect on the Distribution
of AMPA-Type Glutamate ReceptorsTTX and CNQX reduce postsynapticdepolarization, they
also indirectly reduce NMDA receptor activation. Addi- The effect of NMDA receptor blockade was specific
for NR1 when compared to another type of glutamatetion of 5 mM NMDA largely blocked the increase in NR1
cluster number and shift to synaptic sites induced by receptor, theGluR1 subunit of the AMPA-type glutamate
receptor. GluR1 and GluR2/3 subunits completely colo-TTX, suggesting that the effect of TTX was primarily
due to blockade of NMDA receptor activation and not calize at individual synapses in these neurons, and
GluR4 is not expressed at high levels, so GluR1 can bepostsynaptic depolarization. One of the major effects of
NMDA receptor activation is localized calcium entry. In considered a marker of AMPA receptor synapses (Craig
et al., 1993). There was no difference in the numberaddition to NMDA receptors, L-type voltage-dependent
calcium channels are the other major pathway for cal- of GluR1 clusters between control cultures and those
treated with APV (Figures 4A±4C and 6) or with TTXcium entry into the somatodendritic domain of hippo-
campal neurons, but calcium entry through these two (Figure 4C).
We compared the localizations of GluR1, NR1, andpathways activates different signalingcascades (Bading
et al., 1993). K1-induced calcium accumulation in the synaptophysin in control and APV-treated pyramidal
neurons (Figures 5 and 6). GluR1 clusters were alwayssomata and dendritic spines of mature hippocampal
Activity Effect on NMDA Receptor Clustering
805
it is important to note that all of the synapses classed
as NR1 GR2 lacked GluR1 clusters. Although most had
no detectable immunoreactivity for GluR1, a few had
faint but detectable immunoreactivity for GluR1 in the
spine at the same intensity levels as the diffuse staining
in the dendrite shaft, which could not be classified as
clustered staining. This diffuse level of staining may indi-
cate the presence of AMPA receptor at these synapses,
making them functional rather than silent. The relative
strength of these synapses is likely to be different.
Potential Mechanisms of the APV-Induced
Redistribution of NMDA Receptors: Roles
of NR2 Subunits and PSD-95
Potential molecular mechanisms for the regulation ofFigure 6. NMDA Receptor Blockade Changes the Glutamate Re-
NMDA receptor distribution include a switch in expres-ceptor Composition of Synapses, but Not the Total Number of Syn-
apses Defined by Presynaptic Specializations sion of a splice variant form of NR1 (which has been
The number of synaptophysin (synp), GluR1, and NR1 clusters per shown to regulate localization of NR1 in transfected
length of dendrite was measured for triple-labeled pyramidal cells fibroblasts; Ehlers et al., 1995) or NR2 subunit, the accu-
from matched APV-treated and control cultures. For each GluR1 or mulation of a posttranslational modification such as phos-
NR1 cluster observed, it was classified as containing hotspots of
phorylation, and/or a change in the interaction of theimmunoreactivity for both GluR1 and NR1 (GR1 NR1), for GluR1
NMDA receptor with associated proteins such as PSD-95but not NR1 (GR1 NR-), or for NR1 but not GluR1 (GR2 NR1). All
(Kornau et al., 1995) and a-actinin (Wyszynski et al.,of the GluR1 clusters were synaptic, whereas only 78% of control
and 96% of APV-treated NR1 clusters were synaptic (see Figure 3). 1997). One clue to the mechanisms of NR1 redistribution
Two dendrites in each of ten randomly selected cells were evaluated was the relatively slow time course: a 3 day APV treat-
in each of two separate experiments per treatment. The asterisks ment induced an almost complete redistribution, a 1
indicate significant differences in cluster number in APV-treated
day APV treatment had only a partial effect, and a 4 hrcells when compared to the matched control (t test, p , 0.001); for
treatment showed no detectable effect (data not shown).synaptophysin and GluR1, there was no significant difference (t test,
This time course suggests that APV acts by inducingp . 0.01).
transcriptional or translational changes rather than
faster posttranslational changes.
We determined whether APV induces any change insynaptic and did not change distribution with APV treat-
ment (compare Figure 5B with Figure 5F), but the relation the level of expression of NR1 (all splice forms), NR1
containing the C1 exon (NR1-C1), NR1 containing thebetween GluR1 and NR1 clusters changed due to the
shift in NR1 localization (compare Figures 5A and 5C N1 exon (NR1-N1), and the two NR2 subunits that are
highly expressed in the hippocampus (NR2A and NR2B;with Figures 5E and 5G). In control spontaneously active
neurons, we calculated (by combining the data in Fig- Monyer et al., 1994; Petralia et al., 1994b) by Western
blotting of culture extracts (Figure 7). There was no dif-ures 3 and 6) that 49% of the synaptic sites defined
by synaptophysin clusters were not apposed to either ference in the amounts of NR1 or the two splice variant
forms of NR1 between control and APV-treated cultures,GluR1 or NR1 clusters, 23% were apposed to GluR1
clusters alone, 19% to NR1 clusters alone, and 9% were but there was a .200% increase in the amounts of both
NR2A and NR2B after APV treatment.apposed to postsynaptic sites containing clusters of
both GluR1 and NR1. The increase in NR1 clustering at The correlation between higher NR2 subunit levels
and a more synaptic receptor distribution after APVsynaptic sites after NMDA receptor blockade resulted
in a large increase in the number of synapses containing treatment suggested that a shift to a higher ratio of NR2-
type subunits in the NMDA receptor oligomer may beconcentrations of NR1 alone (red spots in Figure 5G;
compare with the control cell in Figure 5C), such that responsible for the redistribution of the complex to syn-
aptic sites. To test this more directly, we double labeledthey comprised 62% of total synapses (Figure 6). The
APV-induced increase in NR1 clustering also resulted neurons with antibodies to NR1 and either NR2A or
NR2B (Figure 8). In APV-treated cells, NR2A and NR2Bin a doubling of synapses containing concentrations of
both NR1 and GluR1 (yellow spots in Figure 5G) to 20% clusters increased dramatically in number, and bothpro-
teins were colocalized with NR1 at synaptic sites. How-of the total synapses and a decrease in synapses con-
taining clusters of GluR1 but not NR1 to one-fifth of the ever, both proteins were also present with NR1 in the
proximal and distal dendrite shaft clusters in controlcontrol number (4% of total synapses). Thus, after APV
treatment, NR1 clusters are at 82% of the total synapses cells (many of which are nonsynaptic, as shown in Figure
2). We determined the fluorescence intensity ratios ofand probably at almost all the glutamatergic synapses.
The synapses containing clusters of NR1 without con- the NR2A or NR2B to NR1 subunits at the primarily
nonsynaptic control cell dendrite shaft clusters versuscentrations of GluR1 that we see in control cells and in
much greater numbers in APV-treated cells may provide the spiny and primarily synaptic APV-treated cell clus-
ters (Table 1). There was no detectable difference in thea morphological basis for the ªsilent synapsesº sug-
gested by physiological studies (Isaac et al., 1995; Kull- ratio of the NR2 to NR1 subunits in clusters between
the control and APV groups. The observation that NR2Amann and Siegelbaum, 1995; Liao et al., 1995). However,
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not shown). Thus, NMDA receptor blockade does not
affect the distribution of PSD-95 butdoes induce a redis-
tribution of NMDA receptors to synaptic sites previously
containing PSD-95. These data indicate that the APV-
induced redistribution of NMDA receptors is not medi-
ated by a change in localization of PSD-95 but are still
consistent with the idea that PSD-95 may be necessary
for synaptic localization of NMDA receptors. The differ-
ential localization of PSD-95 and NMDA receptors in
control cells indicates that the presence of PSD-95 at
synapses is not always sufficient to induce synaptic an-
choring of NMDA receptors. a-Actinin-2, an actin-binding
protein that binds to NR1 and NR2B and is concentrated
in dendritic spines (Wyszynski et al., 1997), also showed
no change in distribution after APV treatment (data not
shown). Thus, like PSD-95, a-actinin-2 is not sufficient
but may be important for anchoring the NMDA receptor
at synapses in hippocampal pyramidal neurons.
Discussion
Figure 7. The APV-Induced Redistribution of NR1 Is Correlated with
In summary, we describe here a novel activity-depen-Increased Levels of NR2 Subunits in Western Blots of Control Com-
dent form of synaptic plasticity at the molecular andpared to APV-Treated Hippocampal Cultures
cellular level in an accessible culture system. We foundControl (C) and APV-treated (A) lanes show no difference in signal
that the subcellular distribution of the NMDA receptor inintensity for total NR1 or two NR1 splice variants, but do show an
increase in signal for NR2A and NR2B subunits with APV treatment. hippocampal pyramidal neurons is regulated by activity,
The graph shows the average of relative signal intensity values from such that activity blockade induces an increase in re-
Western blots of cell homogenates from three different experiments ceptor clustering at synaptic sites, while spontaneous
normalized with respect to tubulin signals from the same lane; values
activity results in a decrease in synaptic clustering. Byreported here are for APV treatment as a percentage of control for
pharmacological manipulation, we found that NMDA re-the five antibodies used.
ceptor localization was largely controlled by the activity
of the NMDA receptor itself, perhaps through localized
changes in calcium entry or direct changes in NMDA
receptor conformation. Activity blockade did not affector NR2B and NR1 have the same stoichiometry in synap-
tic and nonsynaptic clusters indicates that a change in the total number of synapses or the subcellular distribu-
tion of two other excitatory postsynaptic proteins, thestoichiometry within the oligomer is not responsible for
the new pattern of localization after APV treatment. AMPA-type glutamate receptor subunit GluR1 and the
PDZ domain protein PSD-95. Activity selectively regu-Thus, the increase in NR2 levels cannot be solely re-
sponsible for the redistribution of the receptor complex. lated the number of NMDA receptor clusters at existing
synaptic sites. Furthermore, we found that the distribu-The change in levels of NR2 may still contribute to syn-
aptic localization of the complex by increasing surface tions of NMDA and AMPA-type glutamate receptors are
independently regulated and that these two receptoraccessibility and/or by mediating binding to potential
synaptic anchoring proteins. types can cluster at different postsynaptic sites on a
single neuron. The APV-induced synaptic NMDA recep-The NR2 subunits bind to PSD-95, a PDZ domain
protein highly concentrated in the postsynaptic densi- tor pattern correlated with a selective increase in overall
levels of the NR2A and NR2B subunits. However, theties of neurons (Cho et al., 1992; Kornau et al., 1995).
PSD-95 coclusters with NR2 subunits upon coexpres- NR2:NR1 ratio in the oligomer was not different at APV-
induced synaptic sites compared with control nonsyn-sion in nonneuronal cells, but neither protein clusters
when expressed alone (Kim et al., 1996). PSD-95 has aptic sites, indicating that additional mechanisms regulate
the synaptic redistribution of the complex. Finally, webeen suggested to function as a synaptic NMDA recep-
tor clustering protein, but its function in neurons has found that the presence of the NR2-binding protein PSD-
95 at synapses may be necessary but is not sufficient tonot yet been established.
To test the role of PSD-95 in the synaptic localization induce synaptic localization of the NMDA receptor.
These results provide evidence for a regulated sub-of NMDA receptors, we compared the pattern of PSD-
95 immunoreactivity with that of NR1 incontrol and APV- cellular distribution of the NMDA receptor in neurons.
Short-term posttranslational modifications and increasestreated neurons (Figure 9). There were a large number
of PSD-95 clusters in control cells, and most of these or decreases in expression levels appear to be common
methods by which neurons regulate their ion channeldid not display immunoreactivity for NR1 (Figure 9A; for
NR2A or NR2B, data not shown). There was no change complements. We describe here a novel mechanism of
feedback regulation of subcellular distribution of an ionin the number of PSD-95 clusters in APV-treated cells,
but in this case, the PSD-95 clusters colocalized with channel by its own activity. Given the essential role of
the NMDA receptor in many forms of synaptic plasticity,the NR1 clusters (Figure 9B; with NR2A and NR2B, data
Activity Effect on NMDA Receptor Clustering
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Figure 8. APV Treatment Increases the Num-
ber of NR2A and NR2B Clusters in Parallel
with NR1
Double staining is shown here for NR1 (red)
and NR2A or NR2B (green) in control (left)
versus APV-treated (right) neurons. Regions
of the red and green images corresponding to
each superimposed image are shown slightly
enlarged at the bottom of each of the panels.
NR2A (A and B) and NR2B (C and D) are colo-
calizedwith NR1 at proximal dendrite clusters
in control cells (A and C) as well as at spiny
synaptic clusters in APV-treated cells (B and
D). Scale bar, 10 mm.
the activity-dependent regulation of synaptic localiza- AMPA receptors also constitutes evidence of a morpho-
logical substrate for the silent synapses suggested bytion of NMDA receptors may be a means of regulating
the capacity of a neuron to undergo further activity- physiological studies (Isaac et al., 1995; Kullmann and
Siegelbaum, 1995; Liao et al., 1995). The number ofdependent synaptic modification.
potential silent synapses containing clusters of NMDA
but not AMPA receptors increased with chronic APVRelationship between NMDA Receptors
and AMPA Receptors treatment as did the number of synapses containing
clusters of both NMDA and AMPA receptors (FiguresIt is not known whether all types of glutamate receptors
are colocalized within a neuron or whether there may 5E±5H and 6). Thus, both in spontaneously active neu-
rons and under conditions of activity blockade, NMDAbe differential targeting to individual postsynaptic sites.
Light and electron microscopic analyses of the distribu- and AMPA receptor distributions were distinct, indicat-
ing that different mechanisms regulate their subcellulartions of different classes of glutamate receptors in brain
sections have revealed a colocalization of NMDA and targeting.
AMPA-type receptors at some spiny postsynaptic sites
(Siegel et al., 1995; Kharazia et al., 1996). While it has Mechanisms of the Activity Effect on NMDA
Receptor Distributionbeen suggested that NMDAR1 may be localized at only
a subset of glutamatergic synaptic sites (Huntley et al., The effect of activity blockade on NMDA receptor distri-
bution correlated with an increase in the amount of two1994; Petralia et al., 1994a), these kinds of tissue local-
ization studies cannot easily show the degree of overlap
(or lack thereof) of the two receptor types throughout Table 1. Ratio of NR2/NR1 Fluorescence Intensity in Clusters
individual neurons. We were able to compare the overall
Intensity Ratio Control APVdistributions of AMPA and NMDA receptors using cul-
NR2B/NR1tured neurons. Surprisingly, these two receptor types
Mean 6 SD 1.00 6 0.47 0.95 6 0.33were largely not colocalized in control spontaneously
n, clusters (cells) 590 (32) 1396 (15)active cultures. Most of the AMPA receptor clusters on
NR2A/NR1
dendritic spines lacked concentrations of NMDA recep- Mean 6 SD 1.00 6 0.52 1.03 6 0.32
tors. Twenty-two percent of the NMDA receptor clusters n, clusters (cells) 380 (20) 818 (10)
were nonsynaptic, and these lacked concentrations of
The NR2B:NR1 and NR2A:NR1 fluorescence intensity ratios were
AMPA receptors. A substantial number of synaptic NMDA measured in sets of matched control versus APV-treated neurons.
receptor clusters (67%), particularly those on distal den- Cells were chosen by scanning in the NR1 channel for typical proxi-
drite shafts, also lacked clusters of AMPA receptors mal or distal control clusters or for typical spiny APV clusters and
then measured for the subunit fluorescence intensity ratios; values(Figures 5A±5D and 6). Thus, even the synaptic popula-
reported here are normalized to the control groups. There was notions of NMDA and AMPA receptors in control neurons
difference in subunit ratios between control and APV groups (t test,were largely nonoverlapping. The observation of synap-
p . 0.01).
tic NMDA receptor clusters lacking detectable levels of
Neuron
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Figure 9. APV Treatment Does Not Affect the
Distribution of PSD-95
Double staining is shown here for NR1 (red)
and PSD-95 (green) in control (A) versus APV-
treated (B) neurons. Regions of the red and
green images corresponding to each super-
imposed image are shown slightly enlarged
at the bottom of each of the panels. PSD-95
distribution does not change with APV treat-
ment. PSD-95 is clustered at many sites in
control cells (A) and most of these clusters
lack NR1. APV treatment (B) results in an in-
crease in NR1 clusters, which now colocalize
with PSD-95. Scale bar, 10 mm.
subunits of the NMDA receptor, NR2A and NR2B, with We showed here that PSD-95 can form clusters at
synaptic sites that do not show concentrations of NMDAno change in the level of the NR1 subunit. One hypothe-
receptor immunoreactivity (in control spontaneouslysis is that changes in levels of Ca21 influx through the
active cultures; Figure 9A). This result indicates thatNMDA receptor initiate signal transduction cascades
synaptic clustering of PSD-95 is not sufficient to inducethat regulate NR2 transcription (among other events)
synaptic anchoring of NMDA receptors. After APV treat-and thus mediate the redistribution of NMDA receptors.
ment, NMDA receptors were coclustered with PSD-95There are many precedents for regulation of gene ex-
at synapses (Figure 9B), consistent with the idea thatpression by Ca21 entry through the NMDA receptor
PSD-95 may be necessary for synaptic localization ofchannel (Bading et al., 1993; Ghosh and Greenberg,
the NMDA receptor.1995). Furthermore, NR2 mRNA levels are regulated by
The mechanism of the APV effect cannot be a simpleactivity in cortical and cerebellar granule neurons (Bes-
increase in NR2 subunits leading to increased PSD-95sho et al., 1994; Follesa and Ticku, 1996; Vallano et al.,
binding, since NR2 subunits were present in equal ratios1996). However, the finding that NR2A and NR2B were
at the nonsynaptic and synaptic NMDA receptor clus-both present at the same ratios in control nonsynaptic
ters. An additional step must be necessary to mediateNR1 clusters as in APV-induced synaptic NMDA recep-
the synaptic localization of the complex. One interestingtor clusters indicates that the enhanced levels of NR2
possibility is that posttranslational modifications maysubunit are not sufficient to mediate the change in syn-
regulate the interaction between NR2 subunits andaptic localization of the complex. The enhanced levels
PSD-95 family members. Cohen et al. (1996) found thatof NR2 may still be one of the factors contributing to
binding of PSD-95 to the inward rectifier K1 channel Kirthe synaptic localization, perhaps by simply increasing
2.3 is regulated by protein kinase A phosphorylation ofthe total surface pool of receptors. NR2 subunits can
a serine within the Kir 2.3 C-terminal PDZ domain bind-increase the cell surface expression of NR1 in trans-
ing site. Although NR2 subunits lack this consensusfected nonneuronal cells (McIlhinney et al., 1996) and
phosphorylation site at their C terminus, other phos-show a greater degree of cell surface localization than
phorylation events modifying NR2 or PSD-95 or novel
NR1 in cultured hippocampal neurons (Hall and Soder-
anchoring proteins may be regulatory. Given the pro-
ling, 1997). NR2 subunits may also contribute to the
longed time course required for this effect, an attractive
synaptic localization of NMDA receptors by virtue of
hypothesis would be that APV induces an increase in the
their binding to PSD-95. synthesis of a regulatory enzyme that posttranslationally
PSD-95 is a member of the PDZ family of proteins,
modifies the receptor or its synaptic binding partner. In
which are believed to be important in the formation of this scenario, it is possible that the increase in NR2
cell junctional specializations (reviewed in Gomperts, levels is more of a consequence than a cause of the
1996). PSD-95/SAP90 was originally isolated due to its redistribution; for example, NR2 may be stabilized by
presence in postsynaptic density or synaptic junction buildup of a synaptic posttranslational modification of
subcellular fractions (Cho et al., 1992; Kistner et al., NR2 or interacting proteins. Additional analyses of the
1993). It was subsequently found to interact with the synthesis, stability, and posttranslational changes in
carboxy-terminal tails of a K1 channel (Kim et al., 1995) NR2 subunits and interacting proteins will be required to
and of the NR2A and NR2B subunits of the NMDA re- elucidate fully the mechanisms involved in APV-induced
ceptor (Kornau et al., 1995; Niethammer et al., 1996). redistribution of the NMDA receptor.
PSD-95 colocalizes with NR2B at synaptic sites in cul-
tured hippocampal neurons (Kornau et al., 1995) and Comparison with Activity-Driven Effects on AChR
coimmunoprecipitates with NR2B from rat brain (Wys- Clustering at the Neuromuscular Junction
zynski et al., 1997). Coexpression of PSD-95 along with A well-studied example of activity-dependent regulation
either the K1 channel KV1.4 or NR2A/B in heterologous of neurotransmitter receptor distribution is at the verte-
cells is sufficient to induce the formation of clusters brate neuromuscular junction (NMJ). Activity blockade
containing both proteins (Kim et al., 1995, 1996). Thus, of innervated muscle results in an increase in transcrip-
PSD-95 is an attractive candidate for clustering NMDA tion of acetylcholine receptor (AChR) subunits by non-
synaptic nuclei, thus leading to an increase in thereceptors in neurons.
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amount of extrajunctional receptor (reviewed by Hall only after days. We consider this effect a novel kind of
and Sanes, 1993; Duclert and Changeaux, 1995). The ªmetaplasticity,º a higher order form of synaptic plastic-
effect of activity blockade can be reversed by direct ity manifest as a change in the ability to undergo subse-
stimulation of the muscle. Activity-dependent regulatory quent synaptic plasticity (Abraham and Bear, 1996). The
elements have been found in the promoters of AChR NMDA receptor is required for many forms of long-term
genes. In this study, we similarly found an increase in potentiation as well as activity-dependent synaptic re-
the total number of NMDA receptor clusters after activity modeling during development (Bliss and Collingridge,
blockade of neurons, coupled to anincrease insynthesis 1993; Scheetz and Constantine-Paton, 1994; Tsien et
of some subunits of the receptor. However, in contrast al., 1996). Our results would predict that a neuron's his-
to the increase in extrasynaptic AChR seen in muscle, tory of synaptic activity may modulate its NMDA recep-
activity blockade induced a selective increase in synap- tor distribution and thus its capacity to undergo further
tic NMDA receptors in neurons. This difference may be activity-dependent synaptic plasticity. Under extreme
due to the contrasting mechanisms of compartmental- conditions, this enhanced sensitivity may result in patho-
ization, by selective transcription in the multinucleate logical consequences of seizure and excitotoxicity.
myotubes versus by selective protein targeting in the Long-term exposure of neurons to NMDA receptor
neurons. antagonists has been reported to enhance NMDA re-
A more subtle effect of activity on AChR clustering sponsiveness, NMDA-dependent calcium influx, and ex-
was found in studies of developmental synapse elimina- citotoxicity upon removal of blockade. Hippocampal
tion at the NMJ using focal postsynaptic blockade in- neurons grown for 0.5±5 months under conditions of
duced by local application of a-bungarotoxin (Balice- activity blockade and then returned to normal medium
Gordon and Lichtman, 1994). Local activity blockade in generated intense seizure-like activity that led to mas-
small regions of the junction induced a gradual loss of sive cell death (Furshpan and Potter, 1989). An increase
receptors from theblocked regions, followed by removal in synaptic NMDA receptors as reported here might en-
of the overlying nerve terminal. However, blockade of hance synchronized activity in the cultures and thus lead
the entire junction or large parts of it resulted in no to epileptiform activity. Similarly, hypothalamic neurons
change. In addition, activity blockade results in retention treated chronically with APV or CNQX showed dramatic
of polyneuronal innervation of skeletal muscle, whereas rises in internal calcium levels and synchronized calcium
activity facilitates synapse elimination to a singly inner- spiking after block removal, followed by cell death
vated state (reviewed in Nguyen and Lichtman, 1996). (Obrietan and van den Pol, 1995). Pretreatment with the
Based on these findings, a model of activity-dependent NMDA receptor antagonist MK-801 24 hr before NMDA
synapse elimination was proposed, where asynchro- injection in vivo resulted in enhanced brain injury, cou-
nous activity of competing terminals at a postsynaptic pled to increases in the amount of NMDA receptor mea-
surface could result in an active terminal generating a sured by receptor binding (McDonald et al., 1990). In
diffuse ªpunishmentº signal that induces destabilization our cultures, we found that removal of activity blockade
of adjacent synapses in the absence of a localized pro- resulted in reversion of the neurons to the control distri-
tective signal also generated by activity (Nguyen and bution of NMDA receptors without cell death. This differ-
Lichtman, 1996). The effect of activity blockade on ence may be due to the comparatively low cell density
NMDA receptor distribution may be similar to that in the at which our cultures were grown and/or the younger
NMJ, in that the postsynaptic receptors are stable in age at the time of reversal.
the absence of activity in both cases. Further work will From studies of visual system development, it has
be required to determine whether competition is in-
been suggested that activity through synaptic NMDA
volved in the activity-dependent loss of synaptic NMDA
receptors as they build up during development may lead
receptor clusters in spontaneously active neuronal cul-
to their down-regulation as a means of preventing exci-
tures. At the neuromuscular junction, the effect of local
totoxicity and/or regulating the ability of the system toactivity blockade isa change in both thepresynaptic and
undergo long-term synaptic modification (Scheetz andpostsynaptic compartments. In our neuronal cultures,
Constantine-Paton, 1994). For example, during develop-activity had no detectable effect on innervation but
ment of the visual cortex, there is a critical period ofacted selectively on one postsynaptic receptor type.
maximal plasticity of synaptic organization that corre-Thus, at this stage, it is simplest to envision a purely
sponds with the period of maximal NMDA respon-postsynaptic mechanism following the initial change in
siveness (Carmignato and Vicini, 1992). Dark rearing oractivity.
blockade of electrical activity by tetrodotoxin prolongs
the critical period by blocking the decrease in NMDA
responsiveness seen with maturation (Fox et al., 1991;Physiological Consequences of Activity-Driven
Carmignato and Vicini, 1992) The results we report hereChanges in NMDA Receptor Clustering
constitute a potential cellular mechanism for these phe-What could be the physiological role of activity driving
nomena, where increases in overall network activity withNMDA receptors away from synapses and inactivity in-
maturation could induce a shift of NMDA receptors awayducing a buildup of synaptic NMDA receptors? At first
from synapses, thus lowering the probability of excito-glance, the results reported here may appear counterin-
toxicity, while limited activity in the immature state couldtuitive, but it is important to point out the time course
allow NMDA receptors to accumulate at synapses, thusof these studies, that the activity effect is not apparent
within minutes (such as with long-term potentiation) but prolonging the period of high NMDA responsiveness.
Neuron
810
above the diffuse fluorescence on the dendritic shaft. Each NR1An important question remaining is whether the activity-
cluster was classified as synaptic or nonsynaptic based on evalua-dependent redistribution of NMDA receptors is a devel-
tion of an overlay of the thresholded NR1 and synaptophysin images.opmentally restricted phenomenon or whether it can
For the quantitative comparison of NR1 and GluR1 clusters, NR1
occur in a mature neuron. clusters were selected by thresholding, and GluR1 clusters were
selected by thresholding in combination with selecting regions of
interest to exclude thick dendrite shafts; the diffuse staining forConclusion
GluR1 was high within dendrite shafts, and so potential shaft clus-These results suggest a novel mechanism of modulation
ters could not be reliably visualized. For ratio imaging of NMDA
of neuronal function by regulation of the subcellular dis- receptor subunits, a mask was made for each cell corresponding
tribution of theNMDA-type glutamate receptor ion chan- to NR1 clusters from the control cells representing the proximal and
nel by activity. Regulation of NMDA receptor clustering distal largely nonsynaptic shaft clustering patterns or from the APV-
treated cells representing the spiny synaptic pattern, and the maskand synaptic localization may permit neurons to change
was then applied to both NR1 and NR2A/B images to obtain fluores-their NMDA responsiveness and thus their ability to un-
cent intensity measurements. Measurements were analyzed usingdergo activity-dependent synaptic change and/or exci-
Microsoft Excel, StatView, and CricketGraph. Images were prepared
totoxic damage. for printing using Adobe Photoshop.
Experimental Procedures Western Blot Analysis
Cells from hippocampal cultures plated at high density (14,300/cm2)
Cell Culture and between 15 and 17 days in culture were scraped into warm
Hippocampal neuronal cultures were prepared from 18 day embry- phosphate-buffered saline, pelleted, and resuspended in Laemmli
onic rats as in Goslin and Banker (1991). In brief, hippocampi were buffer. Test coverslips from the same dishes used for the Western
dissociated by trypsin treatment and trituration and plated on poly- blot analysis were fixed and immunostained for NR1 and synapto-
L-lysine-coated glass coverslips at a cell density of 2,400/cm2. Neu- physin to confirm the differential localization of NR1 in the control
rons were maintained in MEM with N2 supplements above a glial
compared to APV-treated groups. After SDS-PAGE and blotting
feeder layer. Similar results were found with neurons prepared from
onto nitrocellulose, paired lanes of control and APV-treated samples
postnatal rats and cultured in the presence of serum. Neurons were
were probed with antibodies to NR1 (Pharmingen, 0.5 mg/ml), NR1-
treated for 1±40 days, with renewal every 3±4 days, with: 100 mM
N1, NR1-C1, NR2A, and NR2B (gifts of M. Sheng, all used at 1 mg/ml
APV, 1 mM CNQX, 5 mM nifedipine, 1 mM TTX, or 1 mM TTX plus 5
as in Sheng et al. [1994]). HRP-conjugated secondary goat anti-
mM NMDA. The neurons were fixed 2±42 days after plating and
rabbit or anti-mouse antisera (Jackson Labs) were used at dilutions
used for immunocytochemistry. Unless stated otherwise, all images
of 1:5000, and the signal was visualized using chemiluminescent
shown here and used for quantitation were from cells treated for 7
Super-Signal HRP substrate (Pierce Biochemicals) to expose XAR-5
days (CNQX and nifedipine) or 7±14 days (APV and TTX) and fixed
X-ray film. The blots were stripped and reprobed with an anti-tubulin
at 16±22 days. antibody (1:20,000, DM1a, gift of V. Gelfand) and the signal visual-
ized as before. The film signals were digitally scanned, and the
Immunocytochemistry and Quantitation signal on the digital image was quantitated using NIH-Image.
For NMDA receptor immunostaining, neurons were fixed with meth-
anol for 10 min at 2208C, blocked with 10% BSA, and incubated
Acknowledgmentswith mouse monoclonal antibody 54.1 to NMDAR1 (PharMingen;
0.1±3 mg/ml). There was a large amount of variation in staining
We thank Anna S. Serpinskaya for excellent technical assistance,intensity between different lots of the antibody obtained from the
M. Sheng, P. DeCamilli, R. L. Huganir, and V. Gelfand for gifts ofmanufacturer, but the specificity of all batches was the same in
antibodies, and G. Banker, C. R. Bramham, C. Q. Doe, M. Gillette,Western blots. Double- and triple-label immunostaining was done
M. Sheng, G. S. Withers, and members of theCraig lab for commentswith anti-NR1 and combinations of: rabbit anti-NR2B antiserum (Up-
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of P. DeCamilli; 1:8000), and appropriate fluorochrome-conjugated
secondary antibodies (Vector Labs, 2.5±7.5 mg/ml). Methanol fixa-
Referencestion was required to obtain specific staining for NR1, NR2A, and
NR2B for reasons that are not clear; methanol may induce a confor-
Abraham, W.C., and Bear, M.F. (1996). Metaplasticity: the plasticitymational change or extract other masking proteins to uncover anti-
of synaptic plasticity. Trends Neurosci. 19, 126±130.genic sites. The necessity for methanol fixation did not allow us to
distinguish surface from intracellular receptors. The sensitivity of Aoki, C., Venkatesan, C., Go, C.-G., Mong, J.A., and Dawson, T.M.
GluR1 staining was not decreased by methanol fixation (compare (1994). Cellular and subcellular localization of NMDA-R1 subunit
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between cultures but was consistent within a culture. The specificity Neurosci. 14, 5202±5222.
of all antibodies was confirmed on Western blots of culture extracts Bading, H., Ginty, D., and Greenberg,M.E. (1993). Regulation of gene
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